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Background: Long-baseline experiments such as the planned Deep Underground Neutrino Experiment (DUNE)
require theoretical descriptions of the complete event in a neutrino-nucleus reaction. Since nuclear targets are
used this requires a good understanding of neutrino-nucleus interactions.
Purpose: Develop a consistent theory and code framework for the description of lepton-nucleus interactions that
can be used to describe not only inclusive cross sections, but also the complete final state of the reaction.
Methods: The Giessen-Boltzmann-Uehling-Uhlenbeck (GiBUU) implementation of quantum-kinetic transport
theory is used, with improvements in its treatment of the nuclear ground state and of 2p2h interactions. For the
latter an empirical structure function from electron scattering data is used as a basis.
Results: Results for electron-induced inclusive cross sections are given as a necessary check for the overall quality
of this approach. The calculated neutrino-induced inclusive double-differential cross sections show good agreement
data from neutrino- and antineutrino reactions for different neutrino flavors at MiniBooNE and T2K. Inclusive
double-differential cross sections for MicroBooNE, NOvA, MINERvA and LBNF/DUNE are given.
Conclusions: Based on the GiBUU model of lepton-nucleus interactions a good theoretical description of inclu-
sive electron-, neutrino- and antineutrino-nucleus data over a wide range of energies, different neutrino flavors
and different experiments is now possible. Since no tuning is involved this theory and code should be reliable also
for new energy regimes and target masses.
PACS numbers: 12.15.-y,25.30.Pt,24.10.Lx
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I. INTRODUCTION
Unlike in any other nuclear or high-energy physics ex-
periments in neutrino long-baseline experiments the in-
coming particle’s energy is not known; only – usually
quite broad – energy distributions can be given with some
reasonable accuracy. This is a problem because the ex-
traction of the relevant neutrino properties, such as mix-
ing angles, phases and mass-hierarchy, from the measured
event rates requires the knowledge of the neutrino energy.
The latter must be reconstructed from the observed final
state of the reaction.
This task is complicated by the fact that experiments
never see the full final state because of experimental lim-
itations (acceptances, thresholds etc). Another compli-
cation arises because all presently running and planned
experiments at Fermilab and JPARC use nuclear tar-
gets, such as C, O or Ar. The energy reconstruction
is then possible only with the help of so-called genera-
tors [1]. These generators must be able to describe not
only the initial neutrino-nucleon interaction but also the
final state interactions of the produced hadrons so that a
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’backwards-calculation’ from the observed final state to
the unknown initial state is possible.
These generators,e.g. GENIE [2] or NEUT [3], contain,
on one hand, a number of purely experimental details,
such as target and detector properties and geometrical
features, and are thus indispensable. However, they are
also being used to distinguish certain elementary interac-
tion modes from each other, for example in background
subtractions. In particular at the higher energies, with
many open reaction channels, this requires a reliable de-
scription of all of them and of their coupling to each
other. Thus, generators have to rely on theoretical or
phenomenological descriptions of these interactions. Be-
cause all running and planned neutrino long-baseline ex-
periments use nuclear targets, such as C, O, Ar or Fe,
even in high-energy neutrino experiments, with beam
energies in the GeV range, relatively low-energy nuclear
physics processes contribute, both to the initial neutrino-
nucleus interaction and to the final state interactions (fsi)
of outgoing hadrons. It is thus clear that the reliability
and predictive power of the generators is the better the
more advanced the underlying understanding and imple-
mentation of nuclear theory is.
Presently available generators [2–4] all rely on free-
particle Monte Carlo cascade simulations that are ap-
2plicable at very high energies but are of only limited ap-
plicability in the description of relatively low energy fsi
of hadrons inside the target nuclei. A basic feature of nu-
clei, their binding, is neglected from the outset in these
Monte Carlo calculations. Furthermore, the generators
often still rely on outdated nuclear and hadron physics
and consist of a patchwork of descriptions of different
reaction channels without internal consistency [5].
There is, therefore, now a growing realization in the
neutrino long-baseline community that the description
of nuclear effects has to be improved. Over the last few
years significant theoretical progress has been made in
the description of inclusive neutrino-nucleus cross sec-
tions. On one hand, state-of-the-art nuclear many-
body theories (NMBT) have been used to obtain nu-
clear ground states and the spectral function of nucle-
ons therein [6, 7]. These can then be used to com-
pute the response of nuclei to electro-weak interactions.
While full-scale calculations, the so-called Green’s func-
tion Monte Carlo calculations [8], are still limited to
nuclei lighter than Carbon, more approximate methods
have also been used to combine the ground state infor-
mation with reaction-theoretical models using, e.g., the
impulse approximation [9]. Nuclear theory has also been
used to improve the description of the excited state prop-
erties by taking so-called RPA correlations [10, 11] as
well as reaction mechanisms that go beyond the impulse
approximation into account [12, 13]. Other approaches
use semi-empirical information obtained from electron
scattering [14] to calculate the inclusive electron- and
neutrino-induced inclusive cross sections on nuclei [15].
Even though the theoretical progress in our understand-
ing of the inclusive electroweak response of nuclei has
been impressive, a drawback is that so far none of these
just mentioned theoretical methods can provide the full
final state of the νA reaction that is needed for the ex-
traction of neutrino properties.
We have, therefore, some years ago started to develop
a theory and code framework, called Giessen-Boltzmann-
Uehling-Uhlenbeck (GiBUU), that aims to incorporate
the ’best’ possible information on nuclear interactions
into one consistent theory and code that can be used to
calculate inclusive cross sections as well as full final-state
events; the code can thus be used as an event generator
[16]. ’Best’ here does not stand for ’theoretically most
advanced’, but for ’advanced and practicable to generate
both inclusive cross sections and full events’. Different
from all other generators GiBUU uses quantum-kinetic
transport theory [17]. Transport theory allows one to
include important nuclear effects such as binding poten-
tials for hadrons and spectral functions, including their
dynamical development. We also require consistency in
the sense that the description of all subprocesses, such as,
e.g., quasielastic (QE) scattering, pion production, deep
inelastic scattering (DIS), and 2p2h interactions, is based
on the same ground state.
GiBUU has been used to describe not only νA reac-
tions, but also eA, γA, piA, pA and even AA reactions
and has been widely tested on all of these [16, 18]. The
description of fsi, which are essentially the same in all of
these reactions, has thus extensively been checked against
data from all these reactions. We, therefore, restrict our-
selves in the present paper to a discussion of results for
inclusive cross sections that provide a necessary check for
the full model calculations. We do this also because most
of the new aspects implemented in a new (February 2016)
release of GiBUU have a direct impact on these inclusive
reaction rates. In the present paper we give all the de-
tails about these new developments. For all other ingre-
dients we refer to previous publications that contain all
the details of our description of the various processes in
GiBUU [16]. For neutrino-induced reactions, in particu-
lar, details can be found in [18–23] and further references
therein.
The main aim of this paper is to demonstrate that now
a consistent theoretical description of data from electron-
, neutrino- and antineutrino-induced reactions on nuclear
targets and in wide energy ranges is possible in a frame-
work that allows at the same time to generate full events.
All results shown in this paper can be obtained without
any further changes or tunes from the GiBUU 2016 ver-
sion which can be freely downloaded from [24].
II. NEW GIBUU INGREDIENTS
This section briefly discusses the various subprocesses
and outlines the aspects that are new in the recent release
of GiBUU 2016.
A. Nuclear ground state
In GiBUU all nucleons are bound in a coordinate-
and momentum-dependent potential U(r,p) which is ob-
tained from an analysis of nuclear matter binding prop-
erties and pA reactions [25]; the momentum-dependence
is such that a high-momentum nucleon sees a less at-
tractive potential than one with a low momentum. The
momentum-distribution is modeled by the local Fermi-
gas distribution with pF ∼ ρ
1/3 . Figure 4 in [26] shows
that the latter reproduces a momentum distribution ob-
tained from NMBT quite well. In particular the signif-
icant shift of strength towards lower momentum values,
as compared with the distribution of the (global) rela-
tivistic Fermi-gas, is reproduced. Missing is the small
high-momentum tail that is associated with short range
correlations [27].
The preparation of the ground state uses a realistic
nuclear density profile, then calculates from an energy-
density functional the potential U and, finally, inserts the
nucleons into this potential with momenta distributed
according to the local Fermi-gas model. The hole spectral
function is then given by
3P(p, E) = g
∫
nucleus
d3r f(r, t = 0,p)Θ(E)δ
(
E −m∗(r,p) +
√
p2 +m∗2(r,p)
)
. (1)
Here E is the removal energy and f(r, t = 0,p) is the
single-particle Wigner-function in the quasiparticle ap-
proximation at time 0; it is the quantum-kinetic equiva-
lent of the one-particle phase-space distribution. All the
potential effects have, for simplicity, been absorbed into
a scalar effective mass m∗(r,p) that depends on position
r and momentum p. Due to the integration over the nu-
clear volume and the r-dependence of the nuclear poten-
tial the spectral function of the bound nucleons no longer
contains the ’spiky’ δ-function in energy, that is typi-
cal for the relativistic Fermi gas; instead, it is smeared
out. The spectral function is thus, also in its energy-
dependence, similar to the realistic one obtained from
NMBT [6].
In this method to prepare the ground state the energy
of the Fermi surface
EF =
p2F (r)
2M
+ U [ρ(r), pF (r)] with pF (r) ∼ ρ
1/3(r)
(2)
is not constant throughout the nuclear volume. Towards
the nuclear surface this energy usually rises, thus distort-
ing the energy distribution and making the target nucleus
unstable.
In GiBUU 2016 we have now cured this problem by
fixing the value of EF from the outset
1. This is achieved
by calculating the potential for a conventional, realis-
tic Woods-Saxon density distribution. Then, by keeping
the functional form of the potential and the value of the
Fermi-energy fixed, a nonlinear equation for the density
is solved by iteration. The method is similar to the one
used in [28].
B. QE scattering, pion production, and DIS
• True QE scattering, i.e. QE scattering on one nu-
cleon, is described as outlined in Ref. [19]. The
axial form factor is assumed to be of dipole form
with an axial mass MA = 1.03 GeV. Both the ini-
tial and the final state of the nucleon experience the
same nuclear potential, but at different momenta.
The final state potential of the outgoing nucleon is
less attractive than that of the bound ground state
nucleon (see Figure 7.1 in [29]).
• Pion production has been described in detail in
Refs. [23, 30]; for the ∆ resonance energy regime
the very same theory has been used by the authors
1 The default value is EF = −8 MeV, but this value could be
changed from nucleus to nucleus.
of Ref. [31]. It proceeds through nucleon resonances
with invariant masses less than 2 GeV. The ∆ reso-
nance dominates the resonance pion production; its
width is either taken to be that of a free ∆, or that
of a collision-broadened one as parameterized by
Oset and collaborators [32]. The background terms
for electron-induced reactions are obtained by sub-
tracting the calculated resonant contributions from
results of the MAID analysis [33]. For neutrinos
this background contribution is either taken from
an effective field theory model, as described in [30],
or as a parameterized multiple of the vector cou-
pling background, as described in [19]. The cou-
pling to higher lying resonances is determined by
PCAC with a dipole form factor withMA = 1 GeV.
While for electrons also a non-resonant 2pi back-
ground amplitude has been implemented, there is
no such contribution for the neutrino-induced re-
actions because of the absence of any experimental
information on that background.
• DIS is handled by the pythia, v. 6.4, code [34];
it sets in at invariant masses of about 2 GeV. The
binding of nucleons in a potential poses a problem
that becomes essential mainly close to particle pro-
duction thresholds, as explained in more detail in
[16, 35]. For electrons pythia, v.6.4, contains an
elaborate model implementation that also includes,
e.g., VMD contributions to particle production at
the higher energies. No such processes are taken
into account in pythia for neutrino-induced reac-
tions.
For reasons of consistency we want to describe both
processes, with electrons and those with neutri-
nos, within the same theory and code and thus
use the perturbative ’neutrino-machinery’ also for
electrons with the properly modified coupling con-
stants. DIS processes become active for larger mo-
mentum transfers Q2 & 1 GeV2. It, therefore,
has to be made sure that the DIS cross section
on a nucleon becomes 0 for Q2 → 0. Further-
more, at low Q2 partons have to be screened. For
electron-induced reactions both of these effects can
be achieved with an ansatz for the γ∗-nucleon in-
teraction of the form [36]
σγ∗p
DIS
=
(
Q2
Q2 +m2v
)n
4pi2α
Q2
F2(x,Q
2) , (3)
with the exponent n = 2 and mv being a mass
of the order of hadronic mass scale such as the ρ
meson mass; α is the electromagnetic coupling con-
stant and F2 the structure function. Due to the ab-
sence of the photon propagator, for neutrinos the
4requirement of a finite cross section is not neces-
sary and only one such cut-off factor is needed. In
GiBUU we, therefore, use for neutrinos the expo-
nent n = 1. The presence of the attenuation fac-
tor in Eq. (3) is a new feature in GiBUU 2016. It
lowers the DIS cross section at low Q2, and conse-
quently also the total DIS contribution, by a no-
ticeable amount. An observable consequence is a
lowering of the pion production cross section.
C. 2p2h Interactions
It was realized early on that so-called 2p2h excita-
tions, in which the incoming neutrino interacts with a
correlated pair of nucleons, can contribute to QE-like
events in Cerenkov detectors [37]. This is so because
their experimental signature (1 µ−, 0pi) is indistinguish-
able from that of true QE scattering2. Martini et al.
[12] rediscovered this as an explanation for high QE-like
cross section observed in the MiniBooNE. These authors
could indeed show that a calculation based on a free local
Fermi gas with RPA excitations and 2p2h interactions
explains the MiniBooNE data, both for neutrinos and
antineutrinos[38, 39]. Subsequently, this same result was
also obtained by Nieves and collaborators [13, 40, 41]
We had shown in Ref. [22] that the observed Mini-
BooNE double-differential cross sections could be ex-
plained quite well also in a model in which the hadronic
2p2h tensor was parameterized in a very simplistic way.
Sensitivities to details of the hadronic tensor were obvi-
ously wiped out by the flux average. However, this pro-
cedure was unsatisfactory because it required arbitrary,
new strength parameters for neutrinos and antineutrinos
and for electrons.
These shortcomings, that limit the predictive power
significantly, have now been overcome in GiBUU 2016
[24]. We start from the assumption that the dominant
2p2h contributions are transverse. This assumption finds
its justification in microscopic studies of 2p2h processes
[12, 42, 43]. For all calculations, both for electrons and
for neutrinos, we neglect the lepton masses in the 2p2h
component, but do take them into account in all the other
processes.
1. Electrons
The 2p2h contribution to the cross section for scatter-
ing of electrons is in general given by
d2σ2p2h
dΩdE′
=
4α2
Q4
E′2
(
2W e1 sin
2 θ
2
+W e2 cos
2
θ
2
)
, (4)
2 Also events in which pions were initially produced, but later
reabsorbed, contribute to QE-like events.
where W1 and W2 are structure functions for the 2p2h
process and E′ is the outgoing lepton’s energy. For a
purely transverse interaction we have W e2 =
Q2
q2
W e1 , so
that the cross section becomes
d2σ2p2h
dΩdE′
=
8α2
Q4
E′2 cos2
θ
2
(
Q2
2q2
+ tan2
θ
2
)
W e1 (Q
2, ω) .
(5)
Thus in this case only one structure function,W e1 (Q
2, ω),
that depends on the squared four-momentum transfer
Q2 = q2 − ω2 and energy transfer ω, determines the
cross section.
This part of the total inclusive cross section, encoded in
the function W e1 (Q
2, ω), has been determined by Bosted
and Mamyan [44]3. These authors analyzed electron in-
clusive data on different target nuclei over a wide range
of Q2 from 0 to 10 GeV2 and invariant masses between
0.9 and 3.0 GeV. The QE component in this analysis was
obtained from the scaling model and an inelastic contri-
bution was modeled by suitable parametrizations of the
structure functions. A so-called meson exchange current
(MEC) term was determined to describe all remaining
effects. We use this WMEC1 from [44], with a recent im-
provement at small Q2 by Christy [45], in GiBUU 2016.
Figure 1 shows the (Q2, ω) dependence of this structure
function. The structure function W e1 = W
MEC
1 contains
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FIG. 1. Structure function WMEC1 (Q
2, ω) for 12C in the
parametrization of Bosted [44] and Christy [45], in units of
1/GeV.
all effects beyond true QE and inelastic scattering. In
particular, it includes effects of meson exchange currents
(genuine 2p2h), short-range correlations and RPA cor-
relations. A feature of the particular parametrization
3 Ref. [44] contains a number of essential misprints. Based on the
code that was used to obtain the structure functions these have
been corrected for the present study
5determined by Christy [45] is that the structure func-
tion vanishes for Q2 = 0. This is in contrast to earlier
theoretical descriptions of photonuclear reactions [46–48]
that give some strength also at Q2 = 0 for higher energy
transfers starting roughly at the peak of the ∆ resonance.
We will come back to this point later in the discussion in
Sect. IVG1.
2. Neutrinos
While for electrons the 2p2h contribution, under the
assumption of being purely transverse, could be described
by only one structure function, for neutrinos one more
structure function is needed, W3. The cross section is
then given by
d2σ2p2h
dΩdE′
=
G2
2pi2
E′2 cos2
θ
2
[
2W ν1
(
Q2
2q2
+ tan2
θ
2
)
∓W ν3
E + E′
M
tan2
θ
2
]
. (6)
In Ref. [49] the authors have shown that for non-
relativistic systems W ν1 can be directly related to W
e
1
W ν1 =
[
1 +
(
q
ω
GA
GM
)2]
2 (T + 1)W e1 , (7)
and GM and GA are the magnetic and axial form factors,
respectively, and T is the isospin of the target. For both
form factors we use dipole forms with the vector and the
axial mass cut-off parameters being 0.84 and 1.03 GeV,
respectively.
Furthermore, the longitudinal response can be ne-
glected in the V-A interference terms [49]; this directly
relates the structure function W3 to W1. This property
is also exploited by Martini et al. [12]. The transverse
part of their cross section is given by
d2σ2p2h
dΩdE′
=
G2
2pi2
E′2
[
2
(
G2M
ω2
q2
+G2A
)(
Q2
2q2
+ tan2
θ
2
)
∓2GAGM
E + E′
MN
tan2
θ
2
]
Rνστ (T ) , (8)
where Rνστ (T ) is the transverse spin-isospin response.
Note that the same response Rστ (T ) appears both in
the direct and the interference term, so that W1 ∼ W3.
By comparison with [49] we obtain
W ν1 =
(
G2M
ω2
q2
+G2A
)
Rνστ (T )
=
(
G2M
ω2
q2
+G2A
)
1
2GAGM
W ν3 . (9)
Even though we have denoted the cross section by the
superscript 2p2h, we stress again that this contains a
mixture of effects from meson-exchange interactions and
short- and long-range 2p2h interactions, as well as possi-
ble RPA effects.
3. A-dependence
The dependence of the 2p2h cross section on mass
number A is obtained by assuming a short-range in-
teraction so that the two nucleons are localized at the
same location with momenta taken randomly from the
Fermi-sea. The interaction of such pairs of nucleons
at the same location is proportional to the average nu-
clear density
∫
d3r ρ2(r) = A〈ρ(r)〉. For large A it in-
creases linearly with A. For smaller A the importance
of the nuclear surface increases relative to the volume
[50]. The number then drops below a linear depen-
dence, in agreement with results found in a more so-
phisticated microscopical calculation [51, 52]. In GiBUU
the isospin composition of pairs is chosen randomly, such
that, e.g., for 12C the probability for pp pairs vs. pn
pairs is Z(Z − 1)/(2ZN) = 5/12 ≈ 0.42 and for 40Ar it
amounts to 17/44 ≈ 0.39.
III. INCLUSIVE ELECTRON CROSS SECTIONS
In this section we discuss the inclusive electron cross
sections obtained with the model described in the previ-
ous section, with an emphasis on 2p2h excitations. Since
the structure function W e1 has been fitted to data the
comparison with data here serves as a consistency check.
It is checked that even though Bosted et al. [44] used
different QE- and DIS-components than in the present
model, the GiBUU calculations still give cross sections
that agree with the data. Furthermore, the numerical im-
plementation is tested for correctness, since the electron-
and neutrino cross sections are calculated from one and
the same part of the code and not some separate module.
Figure 2 shows results for a very small Q2 = 0.02 GeV2
where the applicability of the impulse approximation be-
comes doubtful. Here the calculated cross section is dom-
inated by true QE scattering; the 2p2h component, as
well as other reaction processes, do not show up on the
scale of this figure. The calculated response is slightly
(by about 10 MeV) shifted towards higher energy trans-
fers. This small shift is well within the accuracies of the
method. The peak position is sensitive to the momentum
dependence of the mean field potential [53–55] and the
momentum-dependence encoded in GiBUU is not very
detailed at such small momenta.
Results for a larger Q2 = 0.24 GeV2 are shown in Fig-
ure 3. Now other reaction channels besides just true QE
contribute. Under the QE peak the 2p2h contribution
amounts to about 10%; it peaks in the dip region be-
tween the QE-peak and the ∆-peak. In the dip region
there is also already a significant contribution not only
from the ∆ resonance, but also from non-resonant back-
ground in pion production.
Finally, in Figure 4 we show results for an even larger
Q2 = 0.55 GeV2. 2p2h processes again contribute about
10% under the QE-peak. The dip-region is now some-
what overestimated, this could be due to an overestima-
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FIG. 2. Inclusive cross section for scattering of electrons on
carbon at 240 MeV and 36 Deg (Q2 = 0.02 GeV2 at the QE
peak). In this case the total cross section equals that of the
QE-scattering process alone; other contributions are negligi-
ble. The data were obtained from the Quasielastic Electron
Nucleus Scattering Archive [56].
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FIG. 3. Inclusive cross section for scattering of electrons on
carbon at 560 MeV and 60 Deg (Q2 = 0.24 GeV2 at the QE
peak), obtained with a free ∆ spectral function. The leftmost
dashed curve gives the contribution from true QE scattering,
the dash-dotted curve that from 2p-2h processes, the dashed-
dotted-dotted curve that from ∆ excitation and the dotted
curve that from pion background terms. Data from [56].
tion of the background terms for pion production at this
larger Q2. At very large ω now also a small contribu-
tion from higher nucleon resonances shows up, but the
region beyond the QE peak is still dominated by the ∆
and the background terms. Interesting here is the behav-
ior of the total cross section above ω ≈ 0.5 GeV. Here
the total cross section (black solid line) is smaller than
the ∆ contribution (red dash-dot-dot line) reflecting a
negative interference between resonance and background
amplitudes.
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FIG. 4. Inclusive cross section for scattering of electrons on
carbon at 560 MeV and 145 Deg (Q2 = 0.55 GeV2 at the QE
peak), obtained with a free ∆ spectral function. The various
contributions are indicated in the figure; they are the same as
in Figure 3. Data from [56].
IV. INCLUSIVE NEUTRINO CROSS SECTIONS
The results for electrons discussed in the last section
constitute a consistency check for the numerical imple-
mentation in GiBUU. We now discuss neutrino inclusive
cross sections calculated using the nuclear structure func-
tions W ν1 of Eqs. (7) and W
ν
3 of Eq. (9). All of these
results were obtained with the isospin factor T = 1 in
Eq. (7).
A. MiniBooNE results
We start with a discussion of the MiniBooNE results
[57, 58] for neutrinos and antineutrinos because these are
still the only double-differential data available for a wide
range of muon angles and energies.
1. Neutrinos
Figure 5 shows the neutrino results for the QE cross
section as obtained by MiniBooNE by subtracting the
so-called stuck-pion events4 from their inclusive ’0 pion’
data. The agreement is excellent over the full range
of energies and angles and of the same quality as the
results obtained by Martini et al. [39]. There has been
no readjustment of the published flux whereas in the work
of Nieves et al., who obtained a similar agreement, the
experimental cross sections were scaled down by about
10% [40].
4 Stuck pion events are those in which initially a pion or ∆ reso-
nance were produced and then, later on, reabsorbed.
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The relative weight of 2p2h processes increases with in-
creasing angle, as a consequence of the transverse nature
of this process. The comparison of the Q2 distribution is
shown in Figure 6. Again, the agreement is quite good,
with the calculated values being slightly higher than the
experimental values around 0.2 GeV2. However, contrary
to the double-differential cross sections shown in Figure
5, the experimental cross section shown here is plotted
versus a reconstructed quantity which brings some un-
certainties with it [59].
2. Antineutrinos
Using the same structure functions also for antineutri-
nos yields the results shown in Figure 7. The cross section
is now more strongly forward peaked than for neutrinos
due to the weakening of the transverse 2p2h component
because of the opposite sign in front of the W3 structure
function. A closer inspection of these backwards angles
in Figure 8 shows that there the 2p2h cross section be-
comes comparable to that for the true QE process. At
the most backward angle of cos θ = −0.95 the 2p2h cross
section is even dominant.
It is also noticeable that for the most forward angu-
lar bin there is a discrepancy at the higher muon ener-
gies above about 1 GeV where the calculated cross sec-
tion falls short of the experimental data. Exactly the
same discrepancy also shows up in the results of Nieves
et al. [41]. A related discrepancy is observed in the cal-
culation of the Q2 distribution shown in Figure 9. Here
the peak is somewhat underestimated; the same behavior
also shows up in the results of Martini et al. [60]. Consid-
ering that the published absolute flux uncertainty [58] is
about 13% we consider this again quite good agreement.
Thus two discrepancies show up in independent calcula-
tions, the underestimate of the calculated cross section
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FIG. 7. Forward angle double differential cross section per
proton for QE + 2p2h events in the antineutrino beam in
the MiniBooNE with a 12C target. The numbers in the upper
right corner give the cosine of the muon scattering angle while
Tµ is the muon’s kinetic energy in GeV. The lowest, dashed-
dotted blue curve gives the 2p2h contribution, the middle,
dashed green curve the true QE contribution and the upper-
most solid black curve the sum. Data are taken from [58].
at high Tµ > 1 GeV for the very forward direction (small
Q2) and the underestimate at Q2 ≈ 0.1 GeV2. This leads
us to conjecture that both of these are related and are
due to an underestimate of the flux in its high-energy tail
at energies above about 1 GeV.
B. T2K near detector results
In order to subject these results and the underlying
model to an independent test we now show results ob-
tained at the near detector of the experiment T2K with
an electron-neutrino beam. The flux distribution of this
experiment is similar to that of MiniBooNE, but slightly
narrower in energy. In Figure 10 we show the momentum-
and angular-distributions for the fully inclusive cross sec-
tion for the interaction of electron neutrinos with 12C in
comparison with the experimental values [62]. The agree-
ment is very good and of the same quality as in recent
RPA calculations [11]. Integrated over all angles the ∆
contribution is comparable to the 2p2h component even
at this relatively low energy.
Since the electron-neutrino flux in the T2K experiment
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contains a high-energy tail it is interesting to look ex-
plicitly also at the DIS contribution. This is given by
the long-dashed (magenta) curve in Figure 10. At for-
ward angles and small outgoing electron momenta DIS
is seen to contribute as much to the total inclusive cross
section as the ∆ resonance with a similar dependence on
pe and cos θe, respectively. The agreement is as good as
that obtained in [11] where, however, the DIS compo-
nent is absent. A closer inspection of that result shows
that while the QE and 2p2h components are similar in
magnitude the 1pi incoherent component obtained there
is significantly larger than that obtained here. This is
probably a consequence of the missing pion absorption
in the calculations of Ref. [11].
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cated in the figure: QE (green, dashed), ∆ excitation (red,
dash-dot-dotted), 2p2h (blue, dash-dotted) and DIS (ma-
genta, long-dashed). The data are taken from [62].
A similarly good agreement is reached for the inclusive
double-differential cross section, shown in Figure 11 for
a muon-neutrino beam at the near detector of T2K [63].
The 2p2h contribution is of only minor importance for
most of the angles, except for the largest one (cos θ =
0.42). There it amounts to about 20% of the total; at
the other angles it is significantly smaller. DIS gives a
small contribution at all angles; except for the largest one
it is very close to that of 2p2h processes.
C. MicroBooNE results
The recently started experiment MicroBooNE [61]
works with the Booster Neutrino Beam (BNB) at Fer-
milab whose flux distribution is very similar to that of
MiniBooNE. The difference is that now a heavier tar-
get, 40Ar, is used in a liquid argon detector. We have,
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cleon for a C target with the muon-neutrino beam in the T2K
near detector. The numbers in the individual plots give the
cos θ of the outgoing muon. The solid curve gives the sum
of all contributions; the contributions of some dominant reac-
tion channels are explicitly indicated in the figure. Data are
taken from [63]
therefore, also performed a calculation of the double-
differential cross section for that target, using the BNB
flux. The predicted cross section shown in Figure 12 is
now, contrary to the one for MiniBooNE, not just a QE
+ 2p2p cross section, but instead a fully inclusive one.
It is seen that the ∆ contribution is always as large or
even larger (at forward angles) than the 2p2h contribu-
tion. This underlines the need to control this ∆ contribu-
tion quantitatively if one is interested in a study of 2p2h
processes. Tuning a generator such that just the total
number of pions is reproduced is not sufficient to pin this
contribution down. Instead, a double-differential cross
section for the pions is necessary to make any analysis of
2p2h processes more quantitative.
Also in other aspects this double-differential distribu-
tion per nucleon does not differ significantly from the
one obtained for the MiniBooNE. The higher target mass
number mainly affects the fsi of outgoing particles while
the initial interaction and thus the inclusive cross section
per nucleon scales approximately with A. This is true
even for the 2p2h interaction, if the interaction between
the two nucleons is short-ranged (see discussion in Sect.
II C 3 and [50]). However, it is still a matter of ongoing
debate whether the 2p2h correlations are indeed short
ranged. A detailed experimental comparison of QE-like
data on C (MiniBooNE) and Ar (MicroBooNE) could
thus help to determine this property of the 2p2h interac-
tions. MicroBooNE with its relatively low beam energy,
and a flux that is very similar to that at MiniBooNE,
should be ideally suited for that purpose since here QE
and 2p2h constitute a major part of the total cross sec-
tion.
D. NOvA near detector results
At higher energies the NOvA experiment works with
a flux that is centered around 2 GeV. In Figure 13 we
show the predicted inclusive double-differential cross sec-
tion per nucleon for the muon neutrino flux at the NOvA
near detector. Immediately noticeable, in comparison to
the results obtained for the lower energies at MiniBooNE,
MicroBooNE and T2K, is the fact that the cross section is
now much more forward-peaked. This can be understood
by noting that the energy is higher and that most of the
cross section still comes at rather small Q2 ≈ 0.1 − 0.2
GeV2. The relation Q2 = 4EνE
′
µ sin
2 θ/2 then leads to
a dominance of small angles. Noticeable in the most for-
ward bin (cos θ = 0.95) is the long-tailed, flat cross sec-
tion at higher muon energies. This is caused by DIS
events that come in because even the NOvA flux ex-
tends up to high (≈ 30 GeV) energies where DIS be-
comes dominant with σDIS ∝ Eν . For the larger angles
with cos θ ≤ 0.35 DIS is the dominant component. It
is connected with the largest energy loss and, therefore,
peaks at the smallest Tµ. For all angles true QE and ∆
excitation are roughly equal in magnitude.
E. NUMI beam results
Compared to MiniBooNE and MicroBooNE a very dif-
ferent flux distribution is present in the NUMI beam.
Neutrino energies reach up to much higher values and
also the average energy lies significantly higher (approx-
imately 3.5 GeV vs 0.7 GeV for T2K and MicroBooNE).
The beam’s energy profile is similar to that of the LBNF
and the planned DUNE experiment. It is thus essential
also for the future DUNE results to understand the re-
action mechanisms in a quantitative way.
At present the experiment MINERvA operates in this
beam. Its acceptance is such that only high-energy
muons with scattering angles less than about 20 degrees
make it into the muon detector. We, therefore, show
in the upper part of Figure 14 the inclusive cross sec-
tion for a 12C target only for cos θ = 0.95, averaged over
the MINERvA flux. For higher angles the cross section
drops rapidly as already seen for the NOvA experiment,
but even more pronounced here because of the still higher
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beam energy (〈Eν〉 ≈ 3.6 GeV at MINERvA vs. 2 GeV
for NOvA).
Thus all the neutrino-nucleus interaction physics at
the MINERvA experiment is concentrated in a very for-
ward direction. Furthermore, the muon spectrometer
used in that experiment sees only events with muon en-
ergies above about 1.5 GeV, so that the left quarter in
the upper panel in Figure 14 is blocked out and the reac-
tion dynamics have to be reconstructed from the visible
remainder. Both of these facts make the necessary en-
ergy reconstruction more difficult [64]. They may also –
at least partly – explain the difficulty to extract a con-
vincing 2p2h signal from these data [65, 66]. This is also
complicated by the fact that the 2p2h cross section comes
up to only about 1/3 of the ∆ and true QE contribu-
tions. To isolate QE and the relatively small 2p2h cross
sections from this multitude of other, stronger reaction
mechanisms, including DIS, requires considerable gener-
ator work, with the danger of ’generator contamination’
of the data. The latter is minimized in the inclusive cross
sections discussed here.
The Q2 distribution exhibits the usual behavior with a
peak around Q2 ≈ 0.15 GeV2 (lower part of Figure 14).
∆- and DIS-contributions together are significantly larger
than the sum of QE and 2p2h reactions. At Q2 & 0.5
GeV2 DIS dominates. Thus, MINERvA is an ideal ex-
periment to explore pion production [67, 68] and DIS
[69, 70] (which mostly contributes also to pion produc-
tion), the two dominant components of the cross section.
In particular our understanding of the theoretically diffi-
cult transition from the resonance-dominated to the DIS-
dominated energy region could be improved significantly
in experiments such as NOvA or MINERvA. For a more
detailed discussion of reaction mechanisms at MINERvA
we refer the reader to [64].
F. LBNF-DUNE Results
The beam at the planned LBNF-DUNE experiment
is in its flux similar to that of NUMI. Since the planned
DUNE detector will have a 4pi coverage in a liquid Argon
chamber, it is interesting to investigate here also the cross
sections under backward angles in some more detail. In
Figure 15 we show the inclusive double-differential cross
section expected at LBNF (or DUNE, without oscilla-
tion), broken up into its most important components. At
forward angles true QE, DIS and ∆ excitation are all of
about the same magnitude this changes rapidly with in-
creasing angle. Already for cos θ = 0.85 DIS is the largest
component and it becomes dominant for even larger or
backward angles. The other components are all signifi-
cantly smaller and similar to each other in their absolute
magnitude. 2p2h processes are even smaller and play no
significant role.
G. Open Problems
1. Magnitude of 2p2h effects
The discussions in the preceding sections have shown
that the relative importance of the 2p2h contribution to
the total cross section decreases with increasing beam
energy simply because inelastic channels pick up more
and more strength.
It should be noted that all the calculations were per-
formed assuming an isospin T = 1 in Eq. (9). The good
agreement reached in particular with the MiniBooNE
data seems to indicate that mostly the T = 1 pairs con-
tribute to the neutrino 2p2h interactions. While most
of the short-range nucleon-nucleon pairs seem to be in
T = 0 states in the nucleus [52], it is not clear if this
preference also survives once the coupling to the incoming
neutrinos is taken into account. A detailed comparison
of calculations with experiment could thus help to clarify
this question. However, unfortunately, the accuracy of
presently available data does not allow for such a clarifi-
cation. Using in all the calculations above T = 0 would
have cut the 2p2h contributions by a factor of 2. The
total cross section, however, would be much less affected,
by only about 10%. A closer inspection of all the figures
shows that these calculations with T = 0 would then
still fit the fully inclusive T2K data. For MiniBooNE
agreement could again be restored by changing the data
because of flux uncertainties which also amount to about
10%. This latter change was, for example, exploited in
the comparison of calculated results with data by Nieves
et al. [40]. Presently available data thus do not allow to
determine the neutrino-induced 2p2h processes to better
than within a factor of 2. For this situation to change
the flux would have to be known to significantly better
than 10%.
2. Structure functions at large energy transfers
The data analyzed by Bosted et al. [44] included no
photoabsorption data. From these it is known that there
are 2p2h1pi contributions to the total absorption cross
section at ω & 300 MeV that set in on the high-energy
side of the ∆ resonance [46–48]. Since these processes
will also be present at Q2 > 0 they would fill in the high-
energytransfer part ofW1 and may thus have some effects
in the higher-energy experiments such as MINERvA and
DUNE. These additional reaction components amount
to about 10 - 20% of the total photoabsorption cross sec-
tion [48] (see also Figure 9 in [47]) and we expect them
to have an approximately equal magnitude also for neu-
trinos. However, none of the existing microscopic model
calculations includes such 2p2h1pi terms for neutrinos.
This is a problem for future theoretical work.
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V. SUMMARY AND OUTLOOK
In this article we have shown that it is possible to
obtain a reliable theoretical description of electron- ,
neutrino- and antineutrino-nucleus data over a wide
range of energies and different experiments without any
special tuning. The description is based on the GiBUU
model of lepton-nucleus interactions which uses consis-
tently the same ground state properties for all reac-
tion processes. It is also, by construction, consistent
with electron-nucleus experiments and has been checked
against these. While the model includes a quantum-
kinetic transport-theoretical description of final state in-
teractions these have not explicitly been used in the
present study which was concentrated on inclusive cross
sections. Implicitly, however, these same fsi play a role
also in the determination of the final state of the initial
neutrino-nucleon interaction and there they have been
included.
The two major improvements to GiBUU that have
made this wide-ranging description possible are, first, a
better description of the nuclear ground state that now
has an increased stability compared to earlier calcula-
tions within this model. This plays a role mainly at low
momentum-transfers. Second, the description of 2p2h in-
teractions has now significantly been improved by using
the 2p2h structure function obtained from an analysis of
electron scattering data. By assuming at the same time
a purely transverse character of these interactions it has
been possible to base all the electron, neutrino and an-
tineutrino cross sections on this one structure function.
All the available data for inclusive differential cross sec-
tions are well described within this framework.
In addition to these inclusive cross sections GiBUU
also generates full event files with four-vectors for all
final-state particles and information on their history; it
can thus be used as a generator. GiBUU is thus a theory-
framework and tool that can be applied to the analysis of
ongoing and planned neutrino long-baseline experiments.
Since it does not involve any tuning to neutrino data, it
has predictive power for new energy regimes or new tar-
gets.
Open theoretical problems are, first, the behavior of
the structure functions at higher energy transfers. Here,
evidence from photo- and electro-absorption measure-
ments indicates that 2p2h processes become important
that contain ∆ or higher N∗ excitations in the final state.
Since these processes will also be present at Q2 > 0 they
could contribute to the high-energytransfer part of W1.
Such excitations have so far not been considered for neu-
trino interactions. To assess their actual, quantitative
importance requires some theoretical work that gener-
alizes the earlier work on photoabsorption to the elec-
troweak sector. It is interesting to note that such 2p2h
processes with an outgoing pion from resonance decay
could also increase the pion yield through 2p2h1pi pro-
duction processes.
The second open problem is how to consistently embed
the 2p2h processes into a full event generation without
possible double counting. Using only inclusive informa-
tion does not give any information on the final state mo-
menta and, in particular, on their angular distribution.
So far, practical implementations of 2p2h processes in
generators (including GiBUU) all use an isotropic phase-
space distribution. It is also not clear how to correctly
include the 2p2h diagrams with an intermediate ∆ in ac-
tual event generators since these usually already contain
processes such as ∆N → NN in their fsi. This also de-
serves some future study.
A third open problem is the isospin content of the two-
nucleon pairs in 2p2h interactions since this directly af-
fects the magnitude of the related cross sections. While
nuclear structure calculations seem to give a preference
for T = 0 pairs due to spin-isospin interactions in nu-
clear matter, the actual coupling of neutrinos to these
pairs may well prefer T = 1.
Finally, an interesting question is whether the 2p2h
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interactions are short- or long-ranged; the latter possi-
bility receives some support from the observation that
the interactions are caused by meson exchange. This
should show up in the A-dependence of 2p2h cross sec-
tions. For zero-range interactions the mass-number de-
pendence should go ∝ A (with modifications due to the
nuclear surface at small A), whereas for the extreme of
long-range interactions it should go ∝ A2. Ideal for an in-
vestigation of this question are experiments at the lower
energies, e.g., at the T2K near detector or the Micro-
BooNE. There the pion background does not yet play
the major role so that any generator-dependence of this
background subtraction is minimized.
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